Recently, a simple prescription to embed the global Peccei-Quinn (PQ) symmetry into a gauged U (1) symmetry has been proposed. There, explicit breaking of the global PQ symmetry expected in quantum gravity are highly suppressed due to the gauged PQ symmetry. In this paper, we apply the gauged PQ mechanism to models where the global PQ symmetry and supersymmetry (SUSY) are simultaneously broken at around O(10 11−12 ) GeV. Such scenario is motivated by an intriguing coincidence between the supersymmetry breaking scale which explains the observed Higgs boson mass by the gravity mediated sfermion masses, and the PQ breaking scale which evades all the astrophysical and the cosmological constraints. As a concrete example, we construct a model which consists of a simultaneous supersymmetry/PQ symmetry breaking sector based on SU (2) dynamics and an additional PQ symmetry breaking sector based on SU (N ) dynamics. We also show that new vector-like particles are predicted in the TeV range in the minimum model, which can be tested by the LHC experiments. *
I. INTRODUCTION
The Peccei-Quinn (PQ) mechanism [1] [2] [3] [4] provides us with a very successful solution to the strong CP problem. The effective θ-angle of QCD is canceled by the vacuum expectation value (VEV) of the pseudo-Nambu-Goldstone boson, the axion a, which results from spontaneous breaking of the global U (1) Peccei-Quinn symmetry, U (1) P Q .
The solution of the strong CP problem based on a global symmetry is, however, not on the very firm theoretical ground. As the QCD anomaly explicitly breaks the U (1) P Q symmetry, it cannot be an exact symmetry by definition. Besides, it is also argued that all global symmetries are broken by quantum gravity effects [5] [6] [7] [8] [9] [10] . The explicit breaking of the PQ symmetry easily spoils the success of the PQ mechanism.
In Ref. [11] , a simple prescription has been proposed, with which the global U (1) P Q symmetry is embedded into a "gauged" U (1) symmetry, U (1) gP Q . There, the anomalies of the gauged PQ symmetry are canceled between the contributions from two (or more) PQ charged sectors. With appropriate charge assignment of U (1) gP Q , the PQ charged sectors are highly decoupled with each other, and a global U (1) P Q symmetry appears as an accidental symmetry. As a part of the gauge symmetry, the accidental U (1) P Q is also well protected from explicit breaking caused by quantum gravity effects. This prescription provides a concise generalization of previous attempts to achieve the PQ symmetry as an accidental symmetry resulting from (discrete) gauge symmetries [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In this paper, we apply the construction of the gauged PQ symmetry to a model in which the global PQ symmetry and supersymmetry are simultaneously broken at around O(10 11−12 ) GeV [22] . Such scenario is motivated by an intriguing coincidence between the supersymmetry breaking scale which explains the observed Higgs boson mass by the gravity mediated sfermion masses in the hundreds to thousands TeV range [23] and the PQ breaking scale which evades all the astrophysical and the cosmological constraints.
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The organization of the paper is as follows. In section II, we summarize the supersymmetric version of the gauged PQ mechanism. In section III, we construct a model in which supersymmetry and the PQ symmetry are broken simultaneously by SU (2) strong dynamics.
In section IV, we apply the gauged PQ mechanism to the model of simultaneous symmetry 1 For correspondence between the sfermion mass scale and the Higgs boson mass, see also [24] [25] [26] . For constraints on the PQ breaking scale, see, e.g., [27] [28] [29] .
breaking. The final section is devoted to our conclusions.
II. GENERAL PRESCRIPTION OF THE GAUGED PQ MECHANISM
In this section, we briefly summarize a supersymmetric version of the gauged PQ mechanism [11] .
A. Would-be Goldstone and Axion Superfields
As a simple example, let us consider two global PQ symmetries U (1) P Q 1 and U (1) P Q 2 , which are broken by the VEVs of Φ 1 ,Φ 1 and Φ 2 ,Φ 2 , respectively. For instance, such vacuum is achieved by the superpotential,
Here, Φ i andΦ i (i = 1, 2) have charges ±1 under U (1) P Q i and have vanishing charges under U (1) P Q j (j = i), respectively. The superfields, X 1,2 , have vanishing charges under both the PQ symmetries. The parameters λ 1,2 are coupling constants, and Λ 1,2 are dimensionful parameters. After the spontaneous breaking of the PQ symmetries, Φ's lead to the Goldstone superfields A 1,2 ,
By using the Goldstone superfields, the PQ symmetries are realized by,
A 2 /Λ 2 → A 2 /Λ 2 + iα 2 , (α 2 = 0 − 2π) .
The PQ symmetries are communicated to the supersymmetric Standard Model (SSM) sector by introducing extra quark multiplets as in the KSVZ axion model [30, 31] . Throughout this paper, we assume that the extra multiplets form 5 and5 representations of the SU (5) gauge group of the Grand Unified Theory (GUT). Let us suppose that Φ 1,2 couple to 
Through the above coupling, both the global PQ symmetries are broken by the Standard Model anomaly. The anomalous breaking of the global PQ symmetries lead to the anomalous coupling of the Goldstone superfields,
where, W α l (l = 1, 2, 3) denote the field strength superfields of the Standard Model gauge interactions. 3 We normalize the gauge field strength so that the gauge kinetic functions are given by
with
where g l and θ l are the gauge coupling constants and the vacuum angles of the corresponding gauge interactions.
An important observation here is that there is a linear combination of the PQ symmetries for which the Standard Model anomalies are absent. In fact, a U (1) symmetry under which Φ 1,2 have charges q 1 and q 2 is free from the Standard Model anomaly for
In the gauged PQ mechanism, we identify the anomaly-free combination to be a gauge symmetry U (1) gP Q . The gravitational anomaly and the self-anomaly of the U (1) gP Q are canceled by adding U (1) gP Q charged singlet fields. Hereafter, we take q 1 and q 2 are both 3 Here, the gauge indices of SU (3) c and SU (2) L are suppressed, and the GUT normalization is used for
positive and relatively prime numbers without loss of generality.
In the gauged PQ mechanism, one of the linear combinations of A 1,2 is the would-be Goldstone supermultiplet, and the other combination corresponds to the physical axion superfield. To see how the physical axion is extracted, let us consider the Kähler potential of Φ's,
where V and g are the U (1) gP Q gauge supermultiplet and the gauge coupling constant, respectively. Under the U (1) gP Q gauge transformation, the gauge field is shifted by,
with Θ being the gauge parameter superfield. By substituting Eqs. (2) and (3), the Kähler potential is reduced to
The physical axion and the would-be Goldstone superfields A and G are obtained by
By using A and G, the Kähler potential is rewritten by,
The final expression of Eq. (15) shows there is no bi-linear term which mixes A andṼ .
Therefore, we find that A corresponds to the physical axion superfield, while G is the would-be Goldstone superfield which is absorbed by V in the unitarity gauge. It should be noted that the physical axion A is invariant under the gauge U (1) gP Q transformation.
For a later purpose, let us discuss the domain and the effective decay constant of the axion. The domains of the imaginary parts of A 1,2 (corresponding to the phases of Φ 1,2 ) are given by
where
When q 1 and q 2 are relatively prime integers, the gauge invariant axion interval is given by [11] ,
Accordingly, the global U (1) P Q symmetry is realized by
where F a is defined as an effective decay constant,
B. Accidental Global PQ Symmetry
As argued in [5] [6] [7] [8] [9] [10] , global symmetries are expected to be broken by quantum gravity effects which are manifested by explicit breaking terms suppressed by the Planck scale. On the other hand, such explicit breaking does not appear for the U (1) gP Q as it is an exact gauge symmetry. Thus, question is how well the accidental global PQ symmetry (corresponding to the shift of A) is protected from explicit breaking by the U (1) gP Q symmetry. An important observation here is that the U (1) gP Q symmetry is not distinguishable from the global PQ symmetries in each sector. Thus, there are no explicit breaking terms of the global PQ symmetries which consist of the fields in each PQ symmetric sector. Therefore, the interaction terms which potentially ruin the global PQ symmetries are the gauge invariant operators consisting of the fields in multiple PQ symmetric sectors. In the following, we estimate how badly the accidental global PQ symmetry is broken.
In the present model, the lowest dimensional U (1) gP Q invariant operators which break the global PQ symmetries are given by,
where M P L = 2.4 × 10 18 GeV denotes the reduced Planck scale. When supersymmetry is spontaneously broken in a separate sector, the above superpotential contributes to the axion potential through the supergravity effects,
where m 3/2 denotes the gravitino mass. In the final expression, we use Φ
and the intrinsic θ angle of QCD is absorbed by the definition of the axion field. The first term represents the axion mass term due to the QCD effects [3] ,
where m u,d are the u-and d-quark masses, m π the pion mass, and f π 93 MeV the pion decay constant.
As a result, the effective θ angle at the vacuum of the axion is given by,
Thus, for q 1 + q 2 > ∼ 12, m 3/2 = O(10 6 ) GeV, and Λ 1,2 = O(10 12 ) GeV, the explicit breaking terms of the global PQ symmetries are small enough to be consistent with the measurement of the neutron EDM, i.e. θ eff < 10 −11 [32] . In this way, a high quality global PQ symmetry appears as an accidental symmetry in the gauged PQ mechanism. 4 In supergravity, a superpotential term W i directly appears in the scalar potential as
with n i being the mass dimension of W i .
C. Domain Wall Problem
Before closing this section, let us briefly discuss the domain wall problem. The anomaly cancelation condition in Eq. (10) is generically solved by,
where N GCD ∈ N is the greatest common devisor of N 1,2 . Then, the anomalous coupling in Eq. (7) is rewritten by,
and hence,
It should be noted that the anomalous coupling of the axion respects a discrete symmetry,
for N GCD > 1.
The Z N GCD symmetry is eventually broken in the vacuum of the axion. Thus, the model with N GCD > 1 suffers from the domain wall problem if the global PQ symmetry is broken after inflation since the average of the axion field value in each Hubble volume is randomly distributed. To avoid the domain wall problem, spontaneous breaking of the global PQ symmetry is required to take place before inflation, which in turn requires a rather small inflation scale to avoid the axion isocurvature problem (see, e.g. Ref. [28, 33] ).
For N GCD = 1, on the other hand, there is no discrete symmetry which is broken by the VEV of the axion field. Still, however, there can be domain wall problems when the global PQ breaking takes place after inflation. To see this problem, let us remember that there can be various types of cosmic string configurations formed at spontaneous symmetry breaking of the PQ symmetries. For example, when both the gauged and the global PQ symmetries are broken spontaneously after inflation, there can be cosmic string configurations in which either the phase of Φ 1 or Φ 2 takes 0 − 2π around configurations. It should be noted that those configurations are the global strings and not the local string. Thus, the string tensions diverge in the limit of infinite volume which is cut off by the Hubble volume. The local string, on the other hand, corresponds to the configurations in which the phases of Φ 1 and Φ 2 wind q 1 times and q 2 times simultaneously. With the U (1) gP Q gauge field winding simultaneously, the tension of the local string is finite even in the limit of infinite volume for the local string.
A striking difference between the global strings and the local strings is how the axion field winds around the strings. Around the local strings, only the would-be-Goldstone field winds, while the axion winds around the global strings. Thus, when the axion potential is generated at around the QCD scale, the axion domain walls are formed only around the global strings, while they are not formed around the local strings. Once the domain walls are formed around the global strings, they immediately dominate over the energy density of the universe, which causes the domain wall problem. Therefore, for the domain wall problems not to occur, the local strings should be formed preferentially at the phase transition.
The string tensions of the global strings and the local strings, however, depend on model parameters. Thus, there is no guarantee that only the local strings preferentially survive in the course of the cosmic evolution. As an example, let us consider a case with Φ 1 Φ 2 .
In this case, the cosmic strings are formed at the first phase transition, i.e. Φ 1 = 0 with Φ 2 = 0. At this stage, strings around which the phase of Φ 1 winds just once are expected to be dominantly formed. They are local because we can take an appropriate charge normalization for the U (1) gP Q . As the temperature of the universe decreases, the string networks follow the scaling solution where the number of the cosmic strings in each Hubble volume becomes constant (see, e.g., Ref. [34] ).
Once the temperature becomes lower than the scale of the second phase transition, i.e., Φ 2 = 0, the local strings formed at the first phase transition become no more the local strings. 5 Besides, formations of the global strings of Φ 2 are also expected at the second phase transition in which the phase of Φ 2 winds just once. To form a genuine local string, it is required to bundle q 1 ex-local strings (formed by Φ 1 ) and q 2 global strings (formed by Φ 2 ) into a single string. However, the confluence of global strings into a local string is quite 5 The configuration of the gauge field formed at the first phase transition does not coincide with the one required for the local string with Φ 2 = 0.
unlikely as there is no correlation between the nature of the cosmic strings in the adjacent Hubble volumes. Therefore, when Φ 1 Φ 2 , the domain wall problem is expected to be not avoidable even if N GCD = 1. It should be noted that the second possibility (and the third possibility if numerically confirmed) is one of the advantages of the gauged PQ mechanism over the models in which the global PQ symmetry results from an exact discrete symmetry, such as Z N . In such models, the axion potential also respects the Z N symmetry, and hence, the domain wall problem is not avoidable when the global PQ symmetry is spontaneously broken after inflation. In the gauged PQ models, on the other hand, it is possible that the global PQ symmetry is broken after inflation without causing the domain wall problem nor the axion isocurvature problem.
III. DYNAMICAL SUPERSYMMETRY/PQ SYMMETRY BREAKING
In this section, we discuss a model of a simultaneous breaking of supersymmetry and the global PQ symmetry. As we are interested in solutions to the strong CP -problem without severe fine-tuning, it is natural to seek models in which the PQ breaking scale is generate by dynamical transmutation. Thus, in the following, we construct a model of a simultaneous supersymmetry/PQ symmetry breaking sector based on a strong dynamics. For now, we do not consider the gauged PQ mechanism which will be implemented in the next section.
A. Simultaneous Breaking of Supersymmetry and Global PQ Symmetry
As the simplest example of the dynamical supersymmetry breaking models, we consider a model of supersymmetry breaking based on SU (2) gauge dynamics (the IYIT model) [37, 38] .
The advantage of this model is that the nature of dynamical supersymmetry breaking is calculable by using effective composite states.
The model consists of four SU (2) doublets, Q i (i = 1 − 4), and six singlets,
. Those superfields couple via the superpotential
where λ is assumed to be an exact symmetry. The R-charges of the KSVZ extra multiplets are taken to be r 5 + r5 = 2.
the superpotential, in turn, does not allow a supersymmetry breaking scale lower than the Planck scale due to the condition for the flat present universe. In addition, it is also known that R-symmetry (or at least an approximate R-symmetry) is relevant for supersymmetry breaking vacua to be stable [39, 40] . Given its importance, we assume that the
symmetry is an exact discrete gauge symmetry [41] [42] [43] [44] [45] [46] [47] . 7 In this paper, we take the simplest In this model, we identify the global PQ symmetry with a U (1) subgroup of SU (4) f (Tab. I). As it is a subgroup of SU (4) f , the PQ symmetry is free from the SU (2) anomaly.
Under the global U (1) P Q symmetry, the superpotential is reduced to
where λ's are dimensionless coupling constants withλ kl ij = 0 for ij = 12, 34 or kl = 12, 34. Hereafter, we take λ . As we will see shortly, the PQ symmetry is spontaneously broken by the VEV of Q 1 Q 2 and Q 3 Q 4 .
7 In Ref. [18] , it is proposed to achieve the global PQ symmetry as an accidental symmetry protected by the exact discrete R-symmetry without relying on the gauged PQ mechanism. 8 For GUT models which are consistent with the Z 4R symmetry, see, e.g., [52, 53] .
By assuming the KSVZ axion model, the PQ symmetry is communicated to the SSM sector through couplings to the KSVZ extra multiplets in 5 and5 representations of the
The PQ charges of the KSVZ extra multiplets are given in Tab. I. Hereafter, we assume that there are N f flavors of the KSVZ extra multiplets. Once Q 3 Q 4 spontaneously breaks the PQ symmetry, the axion couples to the SSM sector via Eq. (33) and the extra multiplets
Now, let us discuss how supersymmetry and the PQ symmetry are broken spontaneously.
Below the dynamical scale of SU (2) dynamics, Λ, the IYIT model is well described by using the composite fields, M ij ∼ Q i Q j , with an effective superpotential,
Here, M + ∼ Q 1 Q 2 /Λ and M − ∼ Q 3 Q 4 /Λ denote the PQ charged mesons, while M a 0 (a = 1 − 4) are the PQ neutral mesons. The coupling constantsλ and the singlets Z 0 's are also rearranged accordingly. In the effective superpotential, the quantum modified constraint
is implemented by a Lagrange multiplier field X .
By assuming that λ's are perturbative, and λ ± (= λ) are smaller thanλ's, the VEVs of M ± are given by
Other fields do not obtain VEVs of O(Λ). 10 At this vacuum, the PQ symmetry is spontaneously broken by M ± while supersymmetry is broken by the VEVs of the F -components of Z ± , i.e.,
simultaneously.
9 The KSVZ extra multiplets should be distinguished the extra multiplets required to cancel the Standard Model anomaly of the Z 4R symmetry. 10 The scalar components of Z ± and X obtain small VEVs of O(m 3/2 ).
Here, let us comment that the Z 4R is not enough to restrict the superpotential in the form of Eq. (31). In fact, there can be superpotential terms such as Z 3 0 or Z 0 Z + Z − without the U (1) A (or Z 4 ) symmetry. As those terms make the supersymmetry breaking vacuum in Eqs. (35) and (36) metastable, the coefficients of those terms should be rather suppressed to make the vacuum long lived. Such suppression can be achieved, for example, by assuming that a subgroup of Z 4 and U (1) P Q is an exact symmetry where Z 0 's are charged but Z ± are neutral.
11 It is also possible to suppress the unwanted terms by extending the SU (2) dynamics of the IYIT sector into a conformal window by adding extra doublets [55] [56] [57] .
B. Axion Supermultiplet
The degeneracy due to the PQ symmetry breaking is parametrized by the axion superfield
with which the PQ symmetry is realized by
Here, we reduce the domain of the U (1) P Q rotation parameter from α = 0−4π to α = 0−2π, since all the SU (2) gauge invariant fields have the PQ charge of ±2 (see Tab. I). In other words, the sign changes of Q's by a phase rotation with α = 2π can be absorbed by a part of SU (2) transformation.
The effective Kähler potential and superpotential of M ± and Z ± are given by,
where the ellipses denote the higher dimensional operators. By substituting the axion su- 11 As this symmetry is not broken spontaneously at the vacuum, and hence, Z 0 's and M 0 's are predicted to be stable. Thus, the simultaneous breaking of the IYIT sector should take place before inflation to avoid the production of those stable particles if we assume the above symmetry.
perfield, the effective theory is reduced to
with some irrelevant holomorphic terms omitted in the Kähler potential. The scalar potential is accordingly given by,
In the final expression, we rearranged the scalar fields by introducing complex scalar fields S and T ,
so that the PQ symmetry is manifest in the scalar potential.
The above scalar potential shows that the complex scalar T and the real component of A (the saxion) obtain masses of λΛ, around their origins. The complex scalar filed S (the pseudo-flat direction) and the imaginary part of A (the axion a), on the other hand, remain massless. The pseudo-flat direction eventually obtains a mass from the higher order terms in the Kähler potential. For perturbative λ andλ, the mass is dominated by the one-loop contributions [58] [59] [60] ,
with which the pseudo-flat direction is stabilized at its origin.
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The superpotential in Eq. (42) also shows that the fermion partners of A (the axino) and
T obtain a Dirac mass of λΛ, with each other. The fermion partner of S corresponds to the 12 Throughout the paper, we use the same symbols to describe the superfields and their scalar components. 13 Here, we neglect the one-loop contributions from the U (1) gP Q gauge interaction by assuming that the gauge coupling constant is small. The contributions from the gauge interaction, in fact, destabilize the origin of the pseudo flat direction [59] [60] [61] .
goldstino which is absorbed into the gravitino by the super-Higgs mechanism.
Putting together, the model achieves dynamical breaking of supersymmetry and the PQ breaking simultaneously. The axion supermultiplet splits into a massless axion and massive saxion/axino with masses of the supersymmetry/PQ breaking scale. The axion couples to the SSM sector via the coupling in Eq. (33), i.e.,
where a = √ 2 Im[A] denotes the axion field and f a = √ 2Λ. After integrating out the extra KSVZ multiplets, the axion couples to the SM gauge fields through
with which the strong CP problem is solved
C. Explicit Breaking of the PQ symmetry
Now, let us discuss explicit breaking of the global PQ symmetry expected in quantum gravity. In this model, the most relevant terms which break the global PQ symmetry are given by,
with κ being a dimensionless coupling constant. 15 The corresponding symmetry breaking terms in the scalar potentials are given by,
14 Here, we require that U (1) P Q is not broken by renormalizable interactions as a part of definition of the global symmetry. 15 Lower dimensional operators which break the PQ symmetry, such as Z Here, we inserted the VEVs of M ± and those of F -terms of Z ± . Due to the explicit breaking, the VEV of the axion, and hence, the effective θ angle is shifted to .
Thus, unless Im[κλ] is finely tuned to be smaller than O(10 −11 ), the effective θ angle is too large to be consistent with the measurement of the neutron electric dipole moment (EDM) [32] .
IV. GAUGED PQ EXTENSION OF SIMULTANEOUS BREAKING MODEL
Let us now implement the gauged PQ mechanism to the model of the simultaneous breaking of supersymmetry and the PQ symmetry in section III. For that purpose, we introduce an additional sector based on SU (3) dynamics which breaks a PQ symmetry spontaneously.
In the following, we call this model the SU (3) model, and put primes on the superfields and the symmetry groups in this sector.
A. SU (3) PQ Symmetry Breaking Model
The SU (3) model consists of three flavors of the (anti-)fundamental representation of SU (3), Q ,Q , and nine SU (3) singlets, Z . The charge assignment of the global symmetries is given in Tab. II. Under these symmetries, they couple via the superpotential
where λ kl ij denote coupling constants with (i, j, k, l = 1 − 3). The baryon symmetry, U (1) B , is identified with the global PQ symmetry, U (1) P Q , while the maximal flavor symmetry, SU (3) L × SU (3) R , is completely broken by λ 's.
In addition to the global U (1) P Q symmetry, the superpotential possesses a continuous Rsymmetry and a U (1) A symmetry (broken down to a Z 6 symmetry by the SU (3) anomaly) TABLE II. Charge assignment of the dynamical PQ symmetry breaking sector. The chiral superfields, Q 's, and Z 's, are the SU (3) triplets and singlets, respectively. The U (1) P Q symmetry corresponds to U (1) B symmetry in the SU (3) sector. The KSVZ extra multiplets are denoted by 5 and5 . The U(1) R and U (1) A symmetries are accidental symmetries, with Z 4R being an exact symmetry. The R-charges of the KSVZ extra multiplets are taken to be r 5 + r 5 = 2.
in Tab. II. As discussed previously, however, we consider that only Z 4R is an exact symmetry, and assume that U (1) R and U (1) A are accidental symmetries broken by higher dimensional operators.
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Below the dynamical scale of SU (3) , Λ , the SU (3) sector is well described by the composite mesons and baryons,
with an effective superpotential,
Here, the second term implements the deformed moduli constraint by a Lagrange multiplier field X [54] . The mesons are neutral under U (1) P Q while the baryons have charges ±3.
From the superpotential in Eq. (56), we find that the PQ symmetry is spontaneously broken by the VEVs of B ± . Accordingly, the vacuum is parametrized by the Goldstone superfield A ,
16 Without U (1) A (or Z 6 ), the superpotential terms such as Z 3 are allowed even if we assume the Z 4R symmetry. Such terms, however, do not change the following discussion. 17 The origin of A is set at which B + = B − , and B + = B − for A = 0, accordingly. TABLE III. The charge assignment of the gauged PQ symmetry and the Z 4R symmetry. The singlet fields Y 's and Y 's are introduced to cancel the self-triangle and gravitational anomalies of U (1) gP Q (see subsection IV G).
with Λ 2 = √ 2Λ . By using A , the PQ symmetry is non-linearly realized by
As in the case of the IYIT sector, the domain of the PQ symmetry is reduced from α = 0−6π to α = 0 − 2π as the SU (3) invariant fields have the PQ charges of ±3.
The U (1) P Q symmetry in this sector is also communicated to the SSM sector through the couplings to N f flavors of the KSVZ extra multiplets, 5 and5 . With the charge assignment in Tab. II, the baryons couple to the extra multiplets in the superpotential,
Once U (1) P Q is broken, the axion obtains the anomalous coupling to the SSM gauge fields, while the extra multiplets obtain masses of O(Λ 3 /M 2 PL ).
B. Gauged PQ Symmetry
Now, we are ready to find out a model of the gauged PQ symmetry by combining the simultaneous supersymmetry and the PQ symmetry breaking model in section III and the PQ symmetry breaking model in subsection IV A. To apply the prescription in section II, let us first identify Φ 1 with the meson operator M + in section III and Φ 2 with the baryon operator B + , i.e.,
and assign U (1) gP Q charges of q 1 and −q 2 to them (Tab. III). 18 Then, the anomaly-free condition of the U (1) gP Q symmetry in Eq. (10) is given by,
Once the two sectors are put together by the gauged PQ symmetry, spontaneous breaking of the PQ symmetries in the two sectors lead to the would-be Goldstone and the axion superfield. The would-be Goldstone is absorbed into the massive U (1) gP Q gauge multiplet, and the saxion and the axino in the axion supermultiplet obtain masses of the order of the supersymmetry breaking scale. As a result, the simultaneous breaking model with the gauged PQ mechanism leaves only a light axion which couples to the Standard Model gauge fields via Eq. (29).
C. Accidental Global PQ Symmetry
As discussed in the previous section, the global PQ symmetry can be explicitly broken by the U (1) gP Q invariant operator consisting of the fields in the two sectors. Among the explicit breaking terms, the most relevant ones are given by,
with κ being a dimensionless coupling constant. It should be noted that these terms are consistent with the Z 4R symmetry, and hence, no factor of m 3/2 is required unlike the terms in Eq. (22) . These operators roughly contribute to the axion potential,
where the VEVs of M ± , B ± , and those of the F -terms of Z ± are inserted, Therefore, in the simultaneous breaking model with the gauged PQ mechanism, the effective θ angle at the 18 The U (1) gP Q charges of Q 1,2 andQ 's corresponds to q 1 /2 and q 2 /3, respectively. vacuum is given by, 
Thus, for 3q 1 + 2q 2 > ∼ 14, the explicit breaking of the global PQ symmetries are small enough to be consistent with the measurement of the neutron EDM, i.e., θ eff < 10 −11 [32] .
D. Mass Spectrum of the KSVZ Multiplets
The KSVZ multiplets, (5,5) and (5 ,5 ) were introduced to communicate the PQ symmetries to the SSM sector. After PQ symmetry breaking, those extra multiplets obtain supersymmetric masses of the order of
respectively (see Eqs. (33) and (60)). The scalar components of the KSVZ multiplets also obtain masses of O(m 3/2 ) through supergravity effects. Thus, most of the KSVZ multiplets become heavy and beyond the reach of the LHC experiments except for the fermion components of (5 ,5 ).
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The KSVZ extra multiplets are assumed to couple to the SSM particle via,
where5 SM denotes the SSM matter multiplet, and ( ) are coefficients. Here, we take r 5 = r 5 = 1 so that5 and5 have the same R-charges with5 SM . Through the mixing terms, the KSVZ extra multiplets decay immediately into the SSM particles. 20 The extra multiplet to achieve the Z 4R symmetry also obtains the mass of O(m 3/2 ) from the R-symmetry breaking effects [62] .
Finally, let us note that there can be mixing terms between (5,5) and (5 ,5 ) through,
Although these operators consist of the fields in the two PQ symmetric sectors, they are invariant under not only the gauged PQ symmetry but also under the global PQ symmetries.
Thus, these terms do not affect θ eff . They do not affect the KSVZ mass spectrum significantly neither. From these reasons, we neglect these mixing terms throughout this paper.
E. PQ Charges in the SU (3) Model
For a given q 1 and q 2 , there are upper limits on Λ and Λ to achive a high-quality global PQ symmetry (see Eq. (67)). The dynamical scales are also constrained from below for an appropriate supersymmetry breaking scale and for heavy enough KSVZ extra multiplets.
As a lower limit on the supersymmetry breaking scale, i.e., Λ, we require
so that the observed Higgs boson mass, m H 125 GeV, is achieved by the gravity mediated sfermion masses of O(m 3/2 ). As a lower limit on the KSVZ extra multiplets, we put
from the null results of the searches for a heavy b-type quark at the LHC experiments [63] [64] [65] [66] .
In Fig. 1 , we show the charge choices for SU (3) model for N eff = 1 and λ = 1. The charges colored by blue are excluded, with which θ eff cannot be suppressed enough for m 3/2 O(1) TeV and m KSVZ 750 GeV. 21 In the figure, we require θ eff 10 −10 given O (1) uncertainties of the coefficients of the explicit breaking terms. The figure shows that these constraints exclude relatively small charges as the suppression of the explicit breaking term relies on large PQ charges.
The perturbative coupling unification of the SSM gauge coupling constants also puts constraints on the charges. From the anomaly-free condition in Eq. (63) , N f and N f are 21 The charges colored by blue are not changed even if the lower limits on m 3/2 and m KSV Z are relaxed to m 3/2 100 GeV and m KSV Z 100 GeV. given by
As the extra multiplets contribute to the renormalization group evolutions of the SSM gauge coupling constants and make them asymptotically non-free, the perturbative unification puts upper limits on N f and N f , and hence, on q 1 and q 2 .
In Fig. 1 , we color the charges by red, with which θ eff 10 −10 is not compatible with the perturbative unification. Here, we use the renormalization group equation at the one-loop level and require that g 1,2,3 < 4π below the GUT scale, i.e., M GUT 10 16 GeV. We also take the masses of the sfermions, the heavy charged/neutral Higgs boson, and the Higgsinos to be at the gravitino mass scale. The gaugino masses are assumed to be dominated by the anomaly mediation effects [67, 68] which are roughly given by (see, e.g. [69] ),
although the constraints do not depend on them significantly as long as they are in the TeV range. The gravitino mass is take to be within 10 TeV ≤ m 3/2 ≤ 10 PeV. These choices are motivated by the pure gravity mediation model in Refs. [70] (see also Refs. [71] [72] [73] [74] for closely related models). 22 In the renormalization group evolution, we also take into account an extra multiplet required for the anomaly free condition of the Z 4R symmetry, whose masses are also at the gravitino mass scale.
The figure shows that the requirement for perturbative unification excludes the charges
. This is expected as N f flavors of the KSVZ extra multiplets have masses of 10 TeV m KSV Z 10 PeV. 23 On the other hand, a large q 1 is allowed. This is because the explicit breaking terms are suppressed by (Λ /M PL ) 3q 1 , and hence, a high-quality global PQ is possible even for a large Λ as long as q 1 is large. For a large Λ , m KSV Z also becomes large, with which the perturbative unification is possible even if N f = q 1 is large. It should be noted, however, that the effective field theory approach is no more reliable when Λ is too close to the Planck scale. In the figure, we color the charges by orange if they require a large Λ , i.e., 10 16 GeV Λ 10 17 GeV. For N GCD ≥ 2, there are no appropriate charges with which θ eff < 10 −10 and the perturbative unification are compatible.
F. Parameter Regions in the SU (3) Model
In Fig. 2 , we show the parameter regions for a given q 1 and q 2 . In each panel, we take m 3/2 < 10 PeV and λ = 1, 10 −1 , 10 −2 , respectively. The gray shaded region is excluded, as θ eff < 10 −10 is not satisfied (see Eq. (67) The figure shows that the dynamical scale Λ is tightly constrained from above to achieve θ eff < 10 −10 for the minimum charge choice, i.e., q 1 = 5 and q 2 = 1. This is understood as the explicit breaking terms are not effectively suppressed for rather small charges. As a result, the PQ breaking scales are required to be low to avoid large explicit breaking effects. The 22 Here, the Higgsino mediation effects neglected for simplicity. Besides, the gaugino spectrum is deflected from the anomaly mediation in the presence of the KSVZ extra multiplets [75] . 23 If we restrict to m 3/2 < 1 PeV, the constraint becomes tighter and the charges with q 2 > 5 are excluded.
upper limit on Λ becomes tighter for a larger Λ as is expected from Eq. (67) . Furthermore, as the dynamical scale Λ becomes larger for a smaller λ, the upper limit becomes even tighter for a smaller λ for a given m 3/2 . The constraints from the perturbative unification are, on the contrary, weaker since m KSV Z becomes larger for a smaller λ for a given m 3/2 .
An interesting property of the minimum choice is that the model predicts the KSVZ extra multiplets (5 ,5 ) For q 1 = 7 and q 2 = 1, the upper limit on Λ is weaker than for the minimum choice. This is because the suppression factor of the explicit breaking term, (Λ /M PL ) 3q 1 , can be very small even for a rather large Λ due to a large exponent. The constraint form the perturbative unification is, on the contrary, tighter for a large q 1 as N f is proportional to q 1 . For a large N f , the masses of the KSVZ extra multiplets, m KSV Z , is required to be high to avoid the blow-up of the gauge coupling constants below the GUT scale.
For q 1 = 1 and q 2 = 7, the upper limit on Λ is also weaker than the minimum choice for λ = 1 due to a strong suppression of the explicit breaking terms by (Λ/M PL ) 2q 2 . As the suppression factor is sensitive to Λ, the upper limit on Λ becomes very tight for a smaller λ for a given gravitino mass.
In all cases, we find that the gravitino mass is required to be in the hundreds TeV or larger, and hence, the model can be consistent with the observed Higgs boson mass achieved by the gravity mediated sfermion masses. It is also notable that the dynamical scale Λ is larger than Λ in the allowed parameter region. Therefore, both the accidental global PQ symmetry and supersymmetry are broken by the IYIT sector while the gauged PQ symmetry is mainly broken by the SU (3) sector. This feature is attractive as it explains the coincidence between the global PQ breaking scale and the supersymmetry breaking scale.
Before closing this subsection, let us comment on the axion dark matter abundance. The axion starts coherent oscillation when the Hubble expansion rate becomes comparable to the axion mass, which leads to the present axion dark matter density [76] ,
F a 10 12 GeV Here, θ i is the initial misalignment angle of the axion field. Thus, the axion can be a dominant component for dark matter of F a = O(10 12 ) GeV, i.e., Ω DM 0.12 [77] . As the figures show, F a = O(10 12 ) GeV is possible in a wide range of the parameter space. Therefore, the model based on SU (3) can be consistent with the axion dark matter scenario.
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G. Cancellation of Self-and Gravitational Anomalies
As mentioned in section II, the gravitational anomaly and the self-anomaly of U (1) gP Q are canceled by adding U (1) gP Q charged singlet fields. In this subsection, we show a concrete model of the anomaly cancelation.
In the IYIT sector and the SU (3) sector, the U (1) gP Q charged fields are paired with fields with opposite charges. Thus, the fields in these sectors do not contribute to the self-anomaly nor the gravitational anomaly. The charges of the KSVZ extra multiplets are, on the other hand, not paired, and hence, they contribute to the anomalies,
respectively. The easiest way to cancel the anomaly is to introduce 5N f singlet superfields Y with a charge q 1 and 5N f singlet superfields Y with a charge −q 2 . The charges of Y 's and Y 's are given in Tab. III.
As the singlet fields do not have mass partners with opposite charges, the supersymmetric masses of them are generated only after U (1) gP Q breaking. The mass terms of Y 's are given
Here, we take the Z 4R charge of Y 's to be 1, so that their scalar and fermion components are odd and even under the R-parity, respectively. The factor m 3/2 encapsulates the effects of spontaneous breaking of the Z N R symmetry. As a result, the fermionic components of
24 For m 3/2 O(1) PeV, the wino is expected to be heavier than O(1) TeV, whose relic abundance exceeds the observed dark matter density. In such parameter region, we need to assume either a dilution mechanism of dark matter or R-parity violation.
while the masses of scalar components are dominated by the gravity mediated soft masses of O(m 3/2 ).
The supersymmetric masses of Y 's are even smaller,
Here, we take the Z 4R charge of Y 's to be 1, and the factor m 3/2 encapsulates the effects of spontaneous breaking of Z N R again. As a result, the fermionic components of Y 's obtain, If the light fermions are abundantly produced in the early universe, they contribute to the dark radiation and result in an unacceptably large number of effective neutrino species, N eff .
To evade this problem, we assume that spontaneous breaking of U (1) gP Q takes place before the end of inflation. We also assume that the gauge superfields of U (1) gP Q are heavier than the reheating temperature after inflation. Furthermore, it is also assumed that the branching fraction of the inflaton into Y 's and Y 's are suppressed. With these assumptions, we can achieve cosmologically consistent models where the self-and the gravitational anomalies are canceled by the U (1) gP Q charged singlets.
H. SU (N ) Dynamical PQ Symmetry Breaking Model
So far, we have considered the dynamical PQ breaking sector based on the SU (3) gauge theory. There, the deformed moduli constraint plays an important role to break the global PQ symmetry (i.e., the baryon symmetry) spontaneously. In this subsection, we discuss the models of dynamical PQ breaking based on SU (N ) gauge theory other than N = 3. We call such models, the SU (N ) dynamical PQ breaking model. symmetry, and the global PQ symmetry is identified with a subgroup of the maximal nonabelian group SU (4) f as in the case of the IYIT sector. Then, the global PQ symmetry breaking is achieved by introducing four PQ neutral singlet superfields, Z .
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In this model, the KSVZ extra multiplets coupling to the SU (2) sector obtain masses via,
leading to
Thus, the SU (2) model allows a rather small Λ compared with the SU (3) model to achieve 
the dynamical scale Λ should be much higher than Λ to satisfy m KSV Z 750 GeV. Here, Q · · ·Q denotes the baryon operators of the SU (N ) sector. The SU (N ) models are very similar to the SU (3) model except for the dynamical scale Λ , although we do not discuss details of the SU (N ) model further.
V. CONCLUSIONS
In this paper, we apply the gauged PQ mechanism to a model in which the global PQ symmetry and supersymmetry are broken simultaneously. As a concrete example, we considered models which consist of simultaneous supersymmetry/PQ symmetry breaking sector based on SU (2) dynamics (the IYIT sector) and a dynamical PQ symmetry breaking sector based on SU (N ) dynamics (the SU (N ) sector). As we have seen, the SU (3) model is particularly successful where the gauged PQ symmetry is mainly broken by the SU ( Finally, let us comment an advantage of the gauged PQ mechanism over the models in which the high-quality global PQ symmetry results from an exact discrete symmetry, such as Z N . As we have discussed briefly in subsection II C, the gauged PQ mechanism with N GCD = 1, q 1 = 1 and q 2 = N (> 1) allow models which are free from both the domain wall problem and the axion isocurvature problem. The assumption here is that the first stage of the phase transition (i.e. Φ 1 = 0) takes place before inflation while the second stage of the phase transition (i.e. Φ 2 = 0) occurs after inflation. Then, the local strings formed at the first phase transition are inflated away, while the global strings formed at the second phase transition do not cause the domain wall problem as Φ 2 couples to only one-flavor of the KSVZ extra multiplet. 27 As the global PQ symmetry is broken after inflation, the model does not suffer from the axion isocurvature problem. This option is not available in the models with an exact discrete symmetry where the axion potential is also symmetric under 27 In this case, the axion dark matter density is dominated by the axions produced by the decay of the string-domain wall networks, which requires F a = O(10 11 ) GeV [35, 36] . Such a rather low F a is, for example, achieved in the SU (2) model. the discrete symmetry.
